Electronic transport in a triple quantum dot shuttle device in the presence of an ac field is analyzed within a fully quantum mechanical framework. A generalized density matrix formalism is used to describe the time evolution for electronic state occupations in a dissipative phonon bath.
The study of nanoelectromechanical systems (NEMS) has drawn a great deal of interest, both at an applied and at a fundamental level, due to novel transport regimes arising from the strong interplay between electrical and mechanical degrees of freedom 1 . This is of particular interest in the field of molecular electronics where, for example, the vibrational modes of a C 60 molecule are coupled to its charge state giving rise to new features in the current through the molecule 2 .
Shuttling is an example of nonlinear transport regime in NEMS, where an oscillating nano-grain acts as a shuttle carrying one electron from the left to the right contact. A paradigmatic proposal of such a device was made in the seminal work by Gorelik et al. 3 , and, since then, there have been different models that describe the mechanical degree of freedom using semiclassical 4 or quantum mechanical 5, 6 approaches. In the presence of an ac electric field, it is known that the interplay between the ac and the natural frequency of the device gives rise to rich dynamics with strong nonlinear characteristics. These can be modified by tuning the ratio of the two frequencies or the intensity of the applied field. Up to now, this problem has been addressed for the case of an oscillating quantum dot (QD) using a semiclassical approach to describe the oscillations 4 .
In this letter we introduce a full quantum mechanical description to study the dynamics of a triple dot quantum shuttle (TDQS) with an ac gate voltage applied between the different QDs and including quantum optical damping as a dissipation bath 5 . Using the master equation approach for the reduced density matrix (RDM), we show how tunneling current resonances occur through different combinations of photonic and phononic sidebands and derive sum rules to explain these resonances. These features strongly depend on the ratio between the frequency and intensity of the ac field. Thus, by tuning the ac frequency we can obtain information on the vibrational frequency of the resonator. Finally, we find that the ac parameters can be manipulated so that coherent destruction of tunneling 7, 8 (CDT) can be observed.
We consider a TDQS, which consists of an array of three QDs where the central movable dot is flanked by two static dots at fixed positions ±x 0 . The oscillation of the central dot will affect the tunneling rates, which are now position dependent. The charge transport is within the Coulomb blockade regime, so the charging energy is assumed to be sufficiently large that only one transport electron can occupy the chain of three dots at any given time.
Our model introduces a time-dependent ac potential V (t) = V ac cos(ω ac t), applied between the left and right QDs, where V ac and ω ac are the amplitude and frequency of the applied field, respectively (see Fig. 1 ). The system is modeled by means of a Hubbard like Hamiltonian, 
(1)
Here we have also considered the transitions Γ r→0 = Γ 0→l = Γ. The term [ρ ij qs ] diss accounts for the dissipative effects of the oscillator's environment. We assume a damping model composed of a bath of oscillators at a fixed temperature T , to which the vibrational mode is weakly coupled 10 . In the limit of small values of T , the matrix elements are given by
, where γ is the classical damping rate of the oscillator. Finally, the matrix elements of the tunneling amplitudes T have numerically verified that including more oscillator states does not significantly change the current characteristics for typical experimental parameters. In Fig. 2(a) we plot the time-averaged current I ac (solid line) for a particular value of the ratio ξ = (V ac /2ω ac ) = 3.0, where ω = p ω ac (p integer). We can appreciate a much richer structure for I ac than the undriven case (dashed line). We find a series of peaks or maxima appearing at specific values of ε b , which are integer multiples of ω ac , and obeying the following sum rules:
(ε b /2) + ν ω ac = n ω.
Here, n corresponds to the vibrational level at which the transmitted electron ends up in the right dot, and ν to the number of emitted or absorbed photons needed to reach that vibrational level. The peaks that satisfy the sum rule of Eq. (2) the decrease in the intensity of the ac field, which yield a small probability for processes involving several photons. We see that the main peaks are governed by the emission and absorption of several photons (ν = ±4, ..., ±1) and correspond to alignment of the levels of all three dots.
In conclusion, we have analyzed the characteristics of the electronic current in an ac driven TDQS device using a full quantum mechanical approach. Our results show that by tuning the ac field parameters we can control the current contribution from differently vibrational modes. This constitutes a new mechanism to obtain information on vibrational 
